ABSTRACT: A phytoplankton bloom and decay sequence was created in 2 laboratory containers and mesozooplankton was added to one container before the peak of algal biomass. Each day for 22 d, the net production of autochthonous dissolved organic carbon (DOC) was measured and on 5 occasions the degradation kinetics and the total pool of biodegradable DOC (BDOC) were assayed in experiments lasting 230 d. Net accumulation of new DOC was 235 and 280 µM in the containers with and without zooplankton, respectively. The best description of microbial DOC degradation was a 2-pool model and 1st order exponential decay. Without mesozooplankton present, the degradation experiments showed accumulation of a large pool of labile BDOC characterised by decay coefficients > 0. ). The amount of newly produced recalcitrant DOC (RDOC) accounted for about 12% of new DOC. The differences observed with respect to degradation kinetics and net DOC production are explained by food web interactions and nutrient limitation. The presence of mesozooplankton resulted in high bacterial production keeping labile BDOC at low concentrations. In the container without mesozooplankton, the bacterial uptake capacity was reduced, probably by a combination of protist grazing and nutrient limitation. Consequently, about 75 µM BDOC with a half-life of less than 3 d accumulated during the experiment. Mineralisation of the accumulated dissolved organic matter (DOM) during microbial degradation in a nutrient replete environment was measured as the decrease in DOC and net mineralisation/immobilisation of inorganic N and P. The mineralisation of DOC was accompanied by low mineralisation of N and P and even immobilisation of phosphate during degradation of DOM produced in the container with mesozooplankton present. Bacterial production of DON and DOP is believed to result in a recalcitrant DOM pool enriched in N and P, and the activity of mesozooplankton seems to enhance this scenario.
INTRODUCTION
Dissolved organic carbon (DOC) in marine and freshwater ecosystems is a complex pool of compounds of autochthonous and allochthonous origin and the major proportion is refractory (RDOC) to degradation over time-scales of years. However, a variable but significant fraction can be degraded by micro-organisms and/or photochemically (e.g. Søndergaard & Middelboe 1995 , Moran & Zepp 1997 , del Giorgio & Davis 2003 , and autochthonous DOC is considered more degradable than allochthonous DOC (Søndergaard & Middelboe 1995) . Production and degradation of autochthonous DOC have been investigated in several previous studies (e.g. Norrman et al. 1995 , Sønder-gaard et al. 2000a , Meon & Kirchman 2001 , but only limited information is available on how food-web structures might affect DOC accumulation and subsequent degradation.
Multiple biotic processes occurring simultaneously explain the production of autochthonous DOC, which makes it difficult to identify the most important sources at any given time. No doubt, extracellular release from phytoplankton especially during nutrient deficiency can be a major DOC source (Fogg 1966 , Baines & Pace 1991 , Søndergaard et al. 2000b . Cell lysis during 'natural' mortality, e.g. caused by viral attack, contributes to the continuous production of DOC and zooplankton grazing has also been suggested as a prominent DOC and dissolved organic nitrogen (DON) producing process (Lampert 1978 , Olsen et al. 1986 , Nagata 2000 . With respect to grazing, it seems that the produced DOC is very labile, fuels instant bacterial production and does not accumulate to high concentrations (Olsen et al. 1986 , Strom et al. 1997 .
If DOC production and removal are in steady state, the concentration of each degradable compound or class of compounds is constant and inversely proportional to its lability. However, aquatic systems are seldom -if ever -in steady state and the concentration of biodegradable DOC (BDOC) is variable in time and space (Ogura 1972 , Hopkinson et al. 2002 . Our knowledge about specific processes and mechanisms contributing to the accumulation of BDOC and production of autochthonous recalcitrant (RDOC) is rudimentary. Microbial foodweb processes with production of refractory components (Stoderegger & Herndl 1998 , Ogawa et al. 2001 , protection of proteins in submicron particles (Stoderegger & Herndl 1998) , bacterial nutrient limitation (Williams 1995 , Rivkin & Anderson 1997 , bacterial uptake capacity controlled by protist grazing (Thingstad & Havskum 1999) as well as photochemical transformations (Tranvik & Kokalj 1998) are some of the processes used to explain DOC accumulation due to production of DOC with long turnover times (Sønder-gaard et al. 2000a,b) .
To our knowledge, the studies by Park et al. (1997) and Olsen et al. (2002) are among the few directly addressing whether zooplankton grazing can enhance DOC accumulation including a large fraction of BDOC. Park et al. (1997) found a correlation between grazing and the accumulation of DOC and concluded that zooplankton excretion was the DOC producing process. Furthermore, in degradation experiments lasting 100 d, Park et al. (1997) found that between 60 and 80% of the new DOC was labile and the rest was refractory. In chemostat experiments carried out by Olsen et al. (2002) grazing did not increase the steady state concentration of DOC, but reduced the time to reach steady state indicating zooplankton to contribute to DOC production. The degradable DOC fraction during 15 d of bacterial degradation was between 15 and 25% of the total (Olsen et al. 2002) . Thus, rather variable results concerning the effects of grazing on DOC production and accumulation have been reported.
The fate of new autochthonous DOC and allochthonous BDOC has ecological implications for the ecosystem metabolism and the cycling of elements (Wetzel 1995) . BDOC with long turnover times can sustain bacterial production during periods of low primary production and mineralisation of DOC and dissolved organics (DON and dissolved organic phosphorus [DOP] ) is delayed compared with the time of production. DOP and DON seem to be preferentially mineralised compared with DOC, which, in a diagenetic perspective, makes the C:N:P ratio of dissolved organic matter (DOM) carbon-rich (Williams 1995 , Hopkinson et al. 2002 .
In this study, we investigated how grazing by mesozooplankton might influence the production and accumulation of DOC during an experimental algal bloom and its decay. Accumulation of DOC was measured chemically and degradation experiments were used to quantify RDOC and characterise the lability of BDOC. Bacterial production was used to quantify the total DOC production. We found that microbial activity and the production and fate of DOM can be greatly impacted by the presence/absence of mesozooplankton and can have implications for the mineralisation of organic matter and nutrient dynamics.
MATERIALS AND METHODS
Experimental design. The experiment was carried out in two 100 l glass containers in the laboratory. Before use, the containers and all sampling equipment were acid washed. Commercially available spring water (Harilds Kildevand TM ) was used as medium, in order to keep the initial DOC background low and refractory (Søndergaard & Worm 2000) . Twenty l filtered (100 µm to remove larger mesozooplankton) water from Lake Esrum (Søndergaard et al. 2000a) served as inoculum and was added to 80 l spring water. A water-cooling system was installed to keep the temperature constant at 14°C. Light was supplied by fluorescent tubes at a 12 h light:12 h dark cycle and a photon flux density of approximately 150 µmol m -2 s -1 . A 4-point aerating system with filtered atmospheric air provided circulation. Nutrients were added as KNO 3 (126 µM), KH 2 PO 4 (8 µM) and Na 2 SiO 3 ·9H 2 O (200 µM) to promote a phytoplankton bloom. After 14 d, mesozooplankton > 200 µm was collected from approximately 200 l water from Lake Esrum and added to one container. The mesozooplankton was dominated by Daphnia and Cyclops species, but they were not quantified. After addition, the mesozooplankton was monitored to ensure their presence throughout the experiment.
Sampling procedures. Water for chemical and biological analyses was sampled daily. The measured variables included chlorophyll a (chl a), inorganic nutrients, DOC, DON and bacterial abundance and production. Five experiments to measure DOC degradation and nutrient mineralisation were carried out over the course of the experiment.
Before sampling, the water was mixed carefully with a plexiglass stirrer. Water was drawn through a tube placed in mid-water into an acid rinsed bottle that previously had been flushed with sample water. Subsampling for all chemical and biological measurements was done from this bottle and in triplicates. For the chemical analyses of dissolved material, a 50 ml syringe was rinsed and filled with sample water and a 13 mm pre-combusted GF/F filter (Whatman) was mounted on the syringe. The first 5 ml filtrate was discarded and the next 5 ml was collected for DOC measurements in pre-combusted vials with 50 µl 2 M HCl added for conservation. The vials were stored in darkness at room temperature. Another 5 ml filtrate was collected in a cryo-vial and stored frozen for later nutrient analysis. Samples for chl a measurements and bacterial abundance and production were taken directly from the bottle. A similar sampling procedure was used to collect water for the degradation experiments.
DOC degradation experiments. Microbial DOC degradation was measured as the decrease in DOC over time in simple batch incubations after the addition of a bacterial inoculum to a filtered water sample (del Giorgio & Davis 2003) . Samples were collected on Days 5, 12, 17, 20 and 22. A sample of about 2.5 l was filtered (GF/F), and inoculated with a GF/C filtrate from the respective containers (5%). The use of a GF/C filter allows the passage of flagellates, so the microbial community during degradation was composed of virus, bacteria and flagellates. Mineral nutrients (10 µM KNO 3 and 1.5 µM KH 2 PO 4 ) were added to ensure carbon-limited bacterial growth. The bottles were darkened and incubated at room temperature (18 ± 1°C) for 230 d. At decreasing time intervals, subsamples were analysed for DOC and mineral nutrients.
Various decay models including 2 or 3 degradable DOC pools and a recalcitrant background have been used to describe DOC degradation kinetics (Ogura 1972 , Søndergaard et al. 2000a , Hopkinson et al. 2002 . A model with 2 degradable pools, each described by 1st order exponential decay, provided the best fit to our results with r 2 values > 0.8 for most regressions (see Table 1 ). The decision of pool size was made in each case from the maximal r 2 values reached in regressions of DOC versus time starting with 3 points and including more points until r 2 reached a maximum. By this approach, the degradable pools are described by the decay coefficients k 1 and k 2 . We defined the recalcitrant endpoint as the concentration in the sample taken after 230 d of incubation, but realise that a 'true' endpoint is probably never obtained in most experiments (see also Fry et al. 1996 ). The BDOC pools described with k 1 and k 2 are called labile and semilabile, respectively.
Decay models and terminology are often linked to sampling frequency, experimental conditions and duration, and as these are extremely variable, comparisons among different studies are at best difficult (see del Giorgio & Davis 2003) . In our study, the starting conditions for each degradation experiment are different with respect to abundance of bacteria; however, as we found that the fastest degradation of DOC in experiments added fewest bacteria, we assume that the differences are evened out within a period of 1 to 2 d, and that the observed differences in degradation kinetics are linked to the quality of DOC and not to the inoculum.
Analytical methods. Chl a: Chl a was extracted in ethanol and absorption was measured with a Hitachi U-1100 spectrophotometer (Jespersen & Christoffersen 1987) .
Nutrients: Nitrite/nitrate, ammonium and phosphate were measured with standard methods with an Alpkem-RFA 300 autoanalyser (RFA manual). Silicate was measured with the acidic ammonium molybdate method (Anonymous 1985) .
Bacterial abundance and production: Bacterial abundance was determined by flow cytometry (FACS Calibur, Becton Dickinson) after staining the fixed cells (2% glutaraldehyde) with the nucleic acid stain SYBR Green I (Molecular Probes) according to Marie et al. (1997) . Briefly, 10 µl of a 100-times dilution of stock SYBR Green 1 was added to 1ml of sample, followed by 10 µl of a suspension of 2 µm fluorescent beads (Polyscience). Concentration of the beads was used for volume calibration and determined by epifluorescent microscopy after filtration onto 0.2 µm black membrane filters (Poretics). Bacterial production was measured with tritiated thymidine and converted to carbon production by 2 × 10 18 cells mol -1 (Bell 1993) and 20 fg C cell -1 (Lee & Fuhrman 1987) . DOC: DOC was measured with a Shimadzu TOC-5000. A 1.2% Pt catalyst on silica beads was used in the combustion column (Cauwet 1994) . The calibration consisted of a 3-point calibration curve (r 2 > 0.998) and at least 3 injections with a maximum of 5 were made for each sample. Each sample run included standard and blank samples interspersed throughout the sample run. Deep ocean and blank samples provided by J. Sharp served as quality controls. The machine and the procedure had previously reached accepted standards in an intercalibration (J. Sharp pers. comm.).
Total nitrogen: Total nitrogen was measured with an integrated on-line system including a Shimadzu TOC-5000 and a Sievers NO analyzer. DON was calculated by subtraction of inorganic nitrogen. Dr. Gustave Cauwet kindly carried out the TN measurements.
Statistics. The experiment was carried out without replicate containers. Therefore, the comparative results cannot be evaluated statistically and the interpretations rely on the consistency and robustness of within container measurements. The slopes of the decay coefficients are tested for similarity by the method in Sokal & Rohlf (1981) .
RESULTS

Nutrients, chl a and bacteria
The growth of algae depleted inorganic nutrients within 11 to 14 d and before mesozooplankton was added (Fig. 1) . Phosphate was depleted slightly faster than silicate and inorganic nitrogen. All nutrients were depleted 1 to 2 d faster in the container where mesozooplankton was added at Day 14. The difference in chlorophyll a concentration was not known at the time of zooplankton addition. The difference between the containers was due to a faster development of phytoplankton despite identical inocula ( Fig. 2A) . Grazing by mesozooplankton reduced the algal peak biomass to 100 µg chl a l -1 , while the absence of mesozooplankton allowed the chl a to increase exponentially over 17 d and to peak at 148 µg chl a l -1 ( Fig. 2A) . From Day 17 to 22, the chl a concentrations decreased to about 25 µg chl a l -1 in both containers. The diatoms Fragilaria sp. and Asterionella sp. dominated the phytoplankton in both containers until Day 16. From Day 16 onwards, chlorococalean green algae dominated in both containers, although diatoms were still present. The mesozooplankton did not change the composition of the algal community. The mesozooplankton was monitored for species present, but these were not quantified; Daphnia and Cyclops species dominated throughout the experiment. During Week 1 of the experiment, bacterial abundance was very low and ranged from 1 to 5 × 10 5 cells ml -1 (Fig. 2B) . From Day 8, the bacteria responded to the growth of algae and the 2 containers started to deviate both with respect to bacterial abundance and production. In the container with the slower development of phytoplankton, the bacteria increased faster than in the other container and reached a peak of 4.8 × 10 6 ml -1 at Day 14, which was about double the abundance measured in the other container. The peak was followed by a decline to a low of 5 × 10 5 ml -1 at Day 20. In the container with added mesozooplankton, the abundance continued to increase to a peak of 8 × 10 6 ml -1 at Days 17 and 18 followed by a modest decline (Fig. 2B) . Unfortunately, we lost the samples from Days 21 and 22. The time courses of bacterial production partly mirrored the abundances with low initial values and much higher peak values in the container that was later (by chance) selected to be without mesozooplankton. The peak production was followed by a fast decline to very low values (Fig. 2C) . With mesozooplankton present, a high and prolonged production plateau developed and lasted until Day 22 (Fig. 2C) . Bacterial production integrated from Days 14 to 22 was about 3-fold higher in the container with added mesozooplankton and about 6-fold higher from Days 16 to 22.
Dissolved organics
DOC increased over the course of the experiment from 110 to 345 and 390 µM for the containers with and without mesozooplankton, respectively (Fig. 3) . Until Day 18, the DOC concentrations in the 2 containers were similar. Accordingly, the differences between the containers with respect to phytoplankton and bacteria did not have measurable effects on the net production of DOC. From Day 19 onwards, the concentrations of DOC in the container without mesozooplankton appeared to be higher. During the first 18 d of the experiment, new DOC accumulated exponentially at about 0.1 d -1 , while linear accumulation rates of about 20 and 28 µM d -1 for + and -mesozooplankton, respectively, were measured during the decline of the algal communities. About 235 and 280 µM of newly produced DOC accumulated in the container with and without mesozooplankton, respectively.
Until Day 14, the calculation of DON from total nitrogen measurements were flawed by high nitrate concentrations (see Fig. 1B ) and very low DON concentrations. DON could not be calculated with any confidence. However, low nitrate concentrations from Day 14 made it possible to calculate DON. At Days 14 and 15, the concentrations were close to zero (± 2 µM), but then DON increased at an apparent linear rate of about 2.7 µM d -1 (SD ± 1.1, r 2 = 0.63, n = 6) in both containers (data not shown). Thus, from Days 14 to 22, the C:N ratio of the accumulating DOM was between 7 and 10. The C:N ratio of new DOM during the entire experiment was between 13 and 16. The higher ratio values were calculated for the container without mesozooplankton due to higher DOC concentrations.
Biodegradability of new DOC
To measure the biodegradability of new DOC, it was assumed that the initial DOC is refractory. This assumption was tested on Day 5 in 2 degradation experiments showing utilisation of about 5 µM within 6 d and no further degradation over 225 d. This small amount of BDOC with a calculated half-life of 1.5 d was probably added with the inoculum and would be removed before the addition of mesozooplankton.
The results of a typical degradation experiment are shown in Fig. 4 with samples taken at Day 22. Two features are apparent: (1) the DOC concentrations reached after 230 d of degradation were not different; (2) the time courses of DOC utilisation differed (Table 1 ). The degradation experiments from Day 12 were sampled before mesozooplankton addition and the decay coefficients were reasonably similar with k 1 and k 2 averaging 0.17 and 0.016 d -1
, respectively (Table 1) . About 35 µM DOC had accumulated in both containers and 95% was biodegradable. In lability terms, the k 1 values for Day 12 were between those measured later in the experiment.
The k 1 coefficients for the 2 containers deviated significantly from Day 17 and onwards (p < 0.01, paired t-test). In the container without mesozooplankton, a large pool of DOC with k 1 values higher than 0.2 d -1 accumulated, while a labile pool with lower k 1 values (< 0.12 d -1 ) accumulated in the container with added mesozooplankton (Table 1 ). The initial decay coefficients were 2-to 5-fold lower for BDOC accumulating with mesozooplankton present than for BDOC without mesozooplankton. The half-lives of BDOC calculated from the k 1 values were less than 3 d in the absence of mesozooplankton and ranged between 6 and 16 d with mesozooplankton present. In all experiments, the semi-labile DOC pools had k 2 values of about 0.02 d -1 and half-lives of 35 d (Table 1) . The k 2 values were significantly similar (p < 0.05, test for equality of slopes, Sokal & Rohlf 1981) . Without mesozooplankton present, the k 2 coefficients described the decay after 15 to 20 d of incubation; however, with mesozooplankton present, the period for slow k 2 decomposition were more variable and the starting time ranged from 35 to 110 d. The break-point times between k 1 and k 2 are shown in Table 1 .
RDOC was defined as DOC still remaining after 230 d of degradation. This 'endpoint' was not influenced by mesozooplankton. In the degradation experiments initiated at Day 12, RDOC was less than 5% of new DOC. In the samples harvested at Days 17, 20 and 22, the concentrations had increased and the relative fraction of RDOC had increased to between 9 and 12% (Table 1) .
Nutrient mineralisation during degradation
In the degradation experiments, we added mineral nutrients to ensure that organic carbon was the limiting factor. Immobilisation and mineralisation of N and P were calculated from the measured inorganic nutrient concentrations during each degradation experiment. The results from the experiments started at Day 20 are used as an example.
After an initial bacterial uptake of added nitrate, ammonium was produced and subsequently nitrified. The net outcome was mineralisation of about 3.7 µM N (Fig. 5A) concomitant with a removal of between 183 and 212 µM DOC ( Table 2 ). Assuming that the microbial biomass was very low after 230 d and most utilised DOC was mineralised, a C:N mineralisation ratio between 50 and 60 can be calculated. At Day 12, the high concentrations of NO 3 in the containers (see Fig. 1B ) prevented the detection of a small amount of mineralised N. The samples from Day 17 were similar to Day 20 and showed a net mineralisation of NO 3 . By contrast, a low N-immobilisation was measured in both samples from Day 22, while the mineralisation of DOC continued to increase (Table 2) . Thus, the C:N mineralisation ratios moved from high but positive values at Days 17 and 20, to a negative value at Day 22. No systematic differences in N-mineralisation were observed between the 2 containers. After mesozooplankton was added, the containers started to deviate with respect to P-mineralisation. If no mesozooplankton was present, the net mineralisation of organic P was between 0.4 and 0.7 µM, and the C:P mineralisation ratio accordingly had a large range from 184 to 775 (Fig. 5B, Table 2 ). By contrast, all degradation experiments from the container with mesozooplankton resulted in a net immobilisation of phosphate (Fig. 5B, Table 2 ). Of the 1.5 µM phosphate present at the start of a degradation experiment, between 0.7 and 1.4 µM was immobilised within 230 d (Table 2) . Most P was immobilised in the sample from Day 22, which also showed immobilisation of N.
DISCUSSION
Production and degradation of autochthonous DOC
Accumulation of autochthonous and biodegradable DOC has previously been observed in situ over timescales of days (Ochiai et al. 1979 , Billen & Fontigny 1987 , seasons (Carlson et al. 1994) , and during algal bloom and decay/sedimentation sequences in container experiments (Norrman et al. 1995 , Fajon et al. 1999 , Søndergaard et al. 2000a . In the present experiment, the production of new DOC after 22 d accounted for 35 to 43% of the peak net accumulation of particulate carbon and is within the range observed in other studies encompassing nutrient limitation of phytoplankton (Norrman et al. 1995 , Søndergaard et al. 2000a , Olsen et al. 2002 . Accumulation of carbohydrates has often explained a substantial part of DOC accumulation, especially when diatoms are dominating (Ittekot et al. 1981 , Biersmith & Benner 1998 , Fajon et al. 1999 . In the present experiment, combined neutral carbohydrates explained between 25 and 35% of the new DOC and their relative contribution did not change over time (T. Kragh & N. H. Borch pers. comm.).
The ultimate reason for any DOC accumulation is a mismatch between the rate of production and utilisation. Low rates of bacterial utilisation might be due to an inherent biochemical resistance of the produced DOC towards fast bacterial uptake. Low bacterial uptake can also be caused by nutrient limitation and/or grazer control of the active biomass. All explanations have been analysed theoretically (Thingstad & Lignell 1997) and supported with data from container and chemostat experiments (Thingstad & Havskum 1999 , Søndergaard et al. 2000b , Olsen et al. 2002 . The explanations do not exclude each other. With respect to grazer control, the active bacterial biomass has to be reduced to a level not counteracted by an increase in cell-specific activity. Whatever reason(s) for the mismatch between production and uptake, the outcome is an accumulation of biodegradable DOC with different turnover times. Compounds with a high biochemical resistance are expected to accumulate under any environmental condition, while very labile compounds only can be expected to accumulate during nutrient limitation and/or grazer control of bacteria.
The concentrations of inorganic nutrients remained very low in the containers, even during algal decay. Therefore, the observed patterns with respect to DOC accumulation could be explained by a combination of the above-mentioned mechanisms. Before moving further into the discussion, we would like to emphasise that our experiment was not designed to establish a 'natural' plankton community, but only to have a high enough density of mesozooplankton to enable us to Some differences were found between the 2 containers before the addition of mesozooplankton. Phosphate, nitrate and silicate were depleted slightly faster in the container where mesozooplankton was to be added at Day 14 (+ container). In accordance, higher concentrations of chl a were measured in the + container before addition of mesozooplankton. There were no measurable differences between the 2 containers with regard to DOC concentrations before the addition of mesozooplankton. The water sampled for the degradation experiments at Day 12 showed that similar concentrations of DOC had accumulated, but that the k 1 decay coefficient for the + container was slightly higher (Table 1 ). The early depletion of nutrients in the 'to be' + container could have limited bacterial growth, which could result in the accumulation of labile DOC. We therefore argue that a bias caused by the faster utilisation of nutrients in the +container would be accumulation of labile DOC. When mesozooplankton was added, we found a distinct lowering of the k 1 decay coefficient and a shift from labile to semilabile DOC being dominant. This is contrary to what we would expect if the bacterial activity was limited by nutrients.
A lowering of the phytoplankton peak biomass, sustaining high bacterial abundance and production, and lower DOC concentrations were the obvious effects of the mesozooplankton (Fig. 2) . It is known that zooplankton, especially cladocerans, release large amounts of biodegradable DOC during grazing (Olsen et al. 1986 , Strom et al. 1997 , enhance bacterial production (Hygum et al. 1997 ) and regenerate organically bound phosphorus and nitrogen (Vadstein et al. 1995) . At the same time, they can effectively reduce protist grazing on bacteria with a consequential increase in bacterial abundance (Jürgens et al. 1994) . We suggest that the high bacterial abundance and production in the mesozooplankton container during the latter phase of our experiment were due to these mesozooplankton attributes. The supply of regenerated P and possibly N to bacteria thus becomes the key to explain the absence of DOC with fast turnover in the mesozooplankton container and the lower DOC concentrations.
In the container without mesozooplankton, labile DOC started to accumulate at Day 17 and continued to do so over the following days (Table 1) . At Day 22, labile DOC with a short turnover time accounted for about 52% of the BDOC. Bacterial nutrient limitation and/or a reduced uptake capacity by a low biomass could explain this event. At Day 17, bacterial production was very low although the abundance had not yet decreased substantially. The calculated growth rate at Day 17 based on cell abundance and production was a low 0. , which would indicate that a nutrient limited situation was followed by almost unlimited growth rates. The maximum bacterial growth rate for the entire experiment was 0.9 d -1
. Thus, the accumulation of labile DOC until Day 17 may be explained by nutrient limitation causing low growth rates, while the capacity of the bacterial community to remove labile DOC between Days 20 and 22 was kept low by high grazing, most probably by protists. Although the cellspecific activity increased 4-fold at this stage, it was not enough to prevent the continued accumulation of labile DOC. Olsen et al. (2002) have shown that protist grazing on bacteria may effectively mineralise P. From Fig. 2B , it is evident that high bacterial grazing started at Day 12 in the container without mesozooplankton. The abundance was reduced to 5 × 10 5 ml -1 by Day 19. Thus, the grazing on bacteria at Day 17 should have allowed substantial nutrient recycling and a consequential removal of the labile DOC. However, phytoplankton peaked at the same time and can have competed successfully for the regenerated nutrients (Vadstein 2000 , Olsen et al. 2002 and prevented high bacterial production. The low growth rates found at Days 16 and 17 with an ample supply of organic substrate are firm indications of nutrient limitation of the bacterial community.
The growth rates of the bacterial community in the mesozooplankton container at Days 17 and 20 were 0.44 and 0.53 d -1 , respectively, and thus between the extreme values for the other container. Growth rates at this level indicate no severe limitations, although growth was not at the calculated maximum. All growth rates are calculated with the assumptions of 20 fg C per bacterial cell and a thymidine conversion factor of 2 × 10 18 cells mol -1
. The validation of these constants is supported by the fact that growth rates calculated from the increases in bacterial cell abundances during exponential growth between Days 10 and 17 for the mesozooplankton container and between Days 8 and 12 for the other container were between 0.4 and 0.5 d -1 (Fig. 2B ) and in agreement with those calculated from production measurements and biomass.
The measured DOC accumulation and degradation kinetics can be interpreted to result from at least 3 BDOC pools with different lability. Labile BDOC with k 1 values > 0.2 d -1 was only measured during a combination of severe suppression of bacterial uptake capacity and possibly nutrient limitation in the container without mesozooplankton. The k 1 values in the meso-zooplankton container were lower and a pool with such decay characteristics was not detected in the container without mesozooplankton. We therefore speculate that the low k 1 for BDOC in the mesozooplankton container was related to some specific compounds produced by the mesozooplankton. Olsen et al. (2002) have shown a high DOC production related to zooplankton; however, no differences in degradation kinetics were obvious between their experiments with and without zooplankton.
Accumulation of bacterial cell remains and byproducts like peptidoglucans with slow turnover (McCarthy et al. 1998 , Nagata et al. 2003 could be possible candidates to explain the difference in k 1 values. The high bacterial biomass and production in the mesozooplankton container support such an explanation; however, the open question remains as to why the bacterial activity in the other container did not leave such a 'signal'? The simplest explanation for low k 1 values of BDOC in the mesozooplankton container is a direct link to the activity of mesozooplankton producing DOC with a unique affinity for bacterial utilisation.
The differences in DOC decay coefficients between the containers were eliminated after some 60 to 100 d of degradation, and the semi-labile BDOC in both containers was described by low and similar coefficients leading to the suggestion that these pools consisted of similar compounds. Furthermore, the relative amount of RDOC was not affected by the mesozooplankton treatment and was about 10 to 12% of new DOC. This value is lower than the 25 to 30% RDOC for autochthonous DOC found in other studies (Fry et al. 1996 , Søn-dergaard et al. 2000a , Meon & Kirchman 2001 ). The conclusion is that autochthonous RDOC is produced both during the increase of a diatom bloom, and during its decay as observed by Søndergaard et al. (2000a) , and that different communities of plankton and experimental conditions may control to what extent new DOC becomes recalcitrant to microbial degradation. This is also exemplified by the results of Meon & Kirchman (2001) , who found that DOC produced in one experiment without addition of inorganic nutrients did not produce RDOM, while a nutrient-induced bloom resulted in RDOC production. In the chemostat experiment carried out by Olsen et al. (2002) , the complexity of the food web apparently did not have any effect on short-term (15 d) biodegradation. Bacterial DOC degradation was in all their experiments surprisingly low at 15 to 25%. The variable results and lack of solid explanations for the variability show that our understanding of new DOC production and of the factors controlling the degradation kinetics by nutrientreplete microbial communities is still limited.
Very few studies are available for comparison with respect to degradation kinetics for BDOC. In large outdoor lake mesocosms with zooplankton, Søndergaard et al. (2000a) observed that BDOC with a half-life of between 12 and 17 d was dominating new autochthonous DOC during the decay of a diatom bloom. These decay rates resemble those found here for the labile pool accumulating in the mesozooplankton container. Hopkinson et al. (2002) measured the degradation of DOM in samples collected from the middle of the Atlantic Bight. Two degradable pools where k 1 averaged 0.22 d -1 and k 2 averaged 0.02 d -1 described the decomposition of DOC, however, with large spatial and temporal variations (2 extreme values were removed from the data in Table 4 , Hopkinson et al. 2002) . Their average k 1 is comparable to the values in the container without mesozooplankton and their k 2 value is similar to the coefficient for the semi-labile pool identified in our experiment. Hopkinson et al. (2002) presented no data on food web structure and we can only speculate whether the accumulation of very labile BDOC in their samples was controlled by nutrient limitation and/or food-web interactions.
DOC degradation and nutrient dynamics
Degradation of DOC is accompanied by microbial uptake of nitrogen and phosphorous from either organic or inorganic sources, and possibly net mineralisation of N and P during the course of a long incubation in a virus-bacteria-flagellate culture. The paradigm is that DOM during microbial degradation is carbon-enriched (Williams 1995 , Hopkinson et al. 1997 .
Nitrate and phosphate were added to the samples used for degradation and inorganic nutrients were never exhausted (see Fig. 5 ). Accordingly, access to energy from DOM must have been the factor limiting organic degradation. DON and DOP were not measured during the degradation experiments, so the mineralisation of DOM can only be evaluated from the inorganic nutrient measurements. In essence, we show how new autochthonous DOM is microbially degraded in a nutrient-replete situation where bacteria can utilise both organically bound and inorganic nutrients to sequester organic carbon. We do not know to what extent DOC was immobilised in microbial biomass; however, previous degradation experiments have shown that particulate carbon is of no quantitative importance after 7 to 10 d of incubation with flagellates present (Søndergaard & Theil Nielsen 1997) . Therefore, we consider the removed DOC to be fully mineralised and that degradation over 230 d resulted in a very low particulate sequestration of N and P.
The time courses of nutrient concentrations showed an initial bacterial uptake of both nitrate and phos-phate in all experiments. After about 20 d, the uptake was followed by mineralisation in some experiments, net immobilisation of N in the samples taken at Day 22 and net immobilisation of P in all samples taken from the mesozooplankton container (see Fig. 5 ). The general feature was that large amounts of DOC were mineralised either with a low net mineralisation of organic N and P or an immobilisation of inorganic N and P ( Table 2) . Recycling of N and P must have supported the removal of DOC as bacterial growth requirements for N and especially for P are high (Vadstein 2000) . Furthermore, the immobilisation must have been due to the production of recalcitrant DON and DOP compounds by the microbial communities during degradation, which enriched the RDOM pool with both N and P compared with DOM at the start of an experiment. It is known that marine bacteria produce refractory DOC and DON (McCarthy et al. 1998 , Ogawa et al. 2001 and that freshwater DON and DOP can be dominated by refractory components of heterotrophic origin (Lean 1973 , Caraco & Cole 2003 . During the sequestration of energy from autochthonous organic sources, the microbial community conserved N and P in recalcitrant DOM.
The newly produced DOM had C:N ratios between 13 and 16. Compared with the Redfield ratio of 6.6, the accumulated DOM was C-rich and within the range from 11 to 22 observed in other experiments (Norrman et al. 1995 , Søndergaard et al. 2000b ) and in situ (Williams 1995 , Hopkinson et al. 1997 . In an investigation of the degradation of DOM in samples collected from the middle Atlantic Bight, Hopkinson et al. (2002) found recalcitrant DOC and DON to account for 70 and 60% of the total DOC and DON, respectively. Thus, contrary to our finding, the RDOM became more Crich during bacterial degradation. One part of an explanation for this difference is the high percentage of biodegradability of newly produced autochthonous DOC observed in our experiment. The reason for the high DOC availability is not known; however, compared with oceanic water, the DOC pool was very new and never exposed to UV radiation. UV radiation has been shown to decrease the biodegradability of algal DOC (Tranvik & Kokalj 1998 , Tranvik & Bertilsson 2001 .
With respect to DOP degradation, Hopkinson et al. (2002) found on average 80% to be degradable. This leads to higher relative organic C-and low P-content in the remaining DOM after degradation and is contrary to our findings. Although we do not have DOP measurements, the very high C:P mineralisation ratios and even immobilisation of P must have resulted in a P-enriched RDOM pool.
One unexpected result was that net immobilisation of phosphate was consistently measured in all degradation experiments with samples from the container with added mesozooplankton, but not in the other container. Using the Day 20 experiment as an example, the mineralisation of about 175 µM C immobilised 0.8 µM P (Fig. 5B, Table 2 ). This observation is unique and we have not been able to find comparable results in the literature. Phosphate must have been transformed to P-species not reacting in the molybdate method. Whether these P-species are organic or inorganic is not known. Bacteria are known to have the ability to accumulate polyphosphate in nutrientreplete environments (Vadstein 2000) ; however, poly-P is very labile (Vadstein 2002 ) and preservation over 230 d seems unlikely. An explanation based on poly-P production would also force an explanation of why it did not occur in the samples from the container without mesozooplankton; to this, we cannot produce an explanation. Most likely, the immobilisation was in the form of recalcitrant DOP compounds produced by bacteria and flagellates. Heterotrophic DOP production is a well-known process (Lean 1973 , Olsen et al. 2002 , Caraco & Cole 2003 . Apparently, the presence of mesozooplankton via an unknown mechanism linked to DOM and its degradation resulted in a net production of DOP and immobilisation of phosphate. Future experiments must reveal whether this phenomenon is general and also whether the storage is organic or inorganic. To sum up, different biotic communities produced DOM resulting in either P-mineralisation or immobilisation during microbial degradation, and such a result has, to our knowledge, never been reported before.
CONCLUSIONS
We have shown, in accordance with previous studies, that biodegradable autochthonous DOC with short (days) and longer (weeks) half-lives can accumulate during the bloom and decay of freshwater phytoplankton. The presence of mesozooplankton resulted in a sustained high bacterial abundance and production possibly fuelled by mesozooplankton production of easily degraded DOC and nutrient mineralisation. Compared with the container without mesozooplankton, the presence of mesozooplankton resulted in lower DOC concentrations with initial DOC decay coefficients 2-to 5-fold lower than without mesozooplankton. The high concentrations of very labile DOC measured in the container without mesozooplankton were probably caused by a combination of a low bacterial uptake capacity due to protist grazing and nutrient limitation.
Microbial degradation of the accumulated DOC showed features with respect to mineralisation of N and P not previously reported. During 230 d of degradation in a nutrient-replete environment, the refractory DOM pool was enriched with DON and DOP. Utilisation of a large degradable DOC pool by a microbial community resulted in mineralisation of low amounts of organic N and P compared with C and even immobilisation of nitrate and phosphate in some experiments. Immobilisation of phosphate was found in all degradations of DOM produced in the container with mesozooplankton present.
These findings do not change N and P budgets of lakes, but could have implications for the conceptual understanding of P-cycling in situations with high mesozooplankton grazing as well as on how organic matter is degraded. All the results are based on a single experiment, and therefore caution in interpretations must prevail until further studies provide evidence as to whether this is a special case created in an experimental environment or is a more general phenomenon.
